INTRODUCTION {#S1}
============

The immune response to diverse pathogens relies on the antigen-driven differentiation of naive CD4 T cells down different effector pathways, including T helper 1 (Th1), T helper 2 (Th2), T helper 17 (Th17), and T follicular helper (Tfh). Because effector CD4 T cells are derived from a common precursor, it is implicit that modulation of the epigenetic landscape of the naive T cell to activate or repress genes most suited for combating a particular pathogen underlies effector specification. Each of the helper T cell subtypes express a "master regulator" transcription factor (Tbet for Th1, Gata3 for Th2, and Rorγt for Th17) that, although essential for enforcing expression of lineage-specifying genes, does not appear to be the initiator of the primary epigenetic events that launch phenotype selection ([@R13]). A major study investigating Th17 development identified two cooperatively interacting T cell receptor (TCR)-induced factors: basic leucine zipper transcription factor activating transcription factor (ATF)-like (Batf) and interferon regulatory factor 4 (Irf4), which initiated chromatin remodeling before the recruitment of lineage-inducing transcription factors, including Rorgt at Th17specifying loci, and were thus deemed Th17 pioneer factors ([@R13]).

Pioneer transcription factors bind target sequences within nucleosomal DNA to initiate nucleosomal clearing thereby enabling recruitment of *trans*-factors involved in *de novo* gene expression during cell differentiation ([@R65]). Pioneers are diverse transcription factors that target distinct DNA sequences via zinc finger, basic helix-loop-helix, POU, and forkhead domains ([@R18]). A recent study confirmed the pioneering functions of proteins with these DNA binding domains and additionally identified the basic leucine zipper (bZip) factor Creb/Atf ([@R59]). The activating protein-1 (Ap-1) transcription factor family, of which Batf is a member, also possesses basic leucine zipper structures and can promote chromatin accessibility ([@R5]). In Th17 cells, diminished chromatin accessibility and transcription factor recruitment at lineage-specifying loci in the absence of Batf has led to the designation of Batf as a pioneer factor ([@R13]). Despite the universal expression of Batf after TCR stimulation in CD4 T cells and its recent designation as a pioneer factor, how Batf is able to bind and modulate nucleosomal chromatin remains poorly understood.

DNA binding by Batf at Ap-1 consensus sequences requires dimerization with the Jun subfamily of Ap-1 factors ([@R44]). This includes Jun ([@R16]), JunB ([@R9]; [@R24]; [@R56]; [@R63]), and JunD ([@R9]; [@R39]).Heterodimers formed with JunB and JunD are the preferred binding partners in Th17 cells ([@R39]), with JunB appearing to have a dominant role ([@R9]; [@R24]; [@R63]). The finding that Batf and Irf4 deficiencies phenocopied each other ([@R44]), particularly in Th17 cells ([@R7]; [@R56]), led to the discovery that Batf-Jun heterodimers formed a trimeric complex with Irf4 or Irf8, which binds composite consensus motifs, referred to as activating protein-1-interferon regulatory factor (Ap-1-Irf) composite elements or AICEs ([@R13]; [@R19]; [@R39]; [@R44]). Despite their important role as targets for Batf and Irf binding at genes central to Th17 and Tfh development and function ([@R29]; [@R56]), Irf-independent Batf binding at non-AICE elements is well documented ([@R13]; [@R39]), although of unknown functional significance.

Enhancer activation by both pioneer and lineage-specifying transcription factors is an essential step in the development of the unique transcriptome of each CD4 T cell subset. The organization of these transcription-factor-bound regulatory elements is facilitated by the CCCTC-binding factor Ctcf. Originally described as an insulator, Ctcf is now also recognized as an architectural factor that organizes higher-order chromatin structure and looping interactions, facilitating enhancer-promoter interactions ([@R6]; [@R48]). In naive T cells, interactions between Ctcf functions and Oct-1 mediate inter-chromosomal interactions between the Th2 cytokine locus and the *Il17a/*f locus, limiting the transcription of *Il17a* ([@R34]). Ctcf deficiency has been reported to diminish Ifng expression in Th1 cells ([@R55]; [@R57]) and increase *Il17a* expression in Th17 cells early ([@R34]), but not late ([@R55]). Although Ctcf is important in the spatial reorganization of regulatory elements in subset-specific loci, it is unclear what drives Ctcf recruitment to these specific genomic regions.

In this report, we investigated the function of Batf in regulating genomic targets to initiate the programming of gene expression during the transition from naive to effector CD4 T cell. We find that Batf binds closed chromatin and is required for induced chromatin accessibility, enabling the recruitment of additional factors to newly accessible sites. We define a previously undescribed function of Batf in mediating the recruitment of Ctcf to a subset of Ctcf binding sites that induce higher-order chromatin restructuring and the looping of distal regulatory elements at key Batf-dependent gene loci during effector T cell development. Further, we find that Batf contributes to increased expression of Ets1, which appears to be indispensable for the Batf-dependent recruitment of Ctcf. Our study highlights the requirement of a Batf-Ets1 axis in controlling both the remodeling of nucleosomal DNA and the ensuing reorganization of genomic architecture to alter the expression of lineage-specifying genes during effector T cell development.

RESULTS {#S2}
=======

Batf Pioneers Chromatin Accessibility in CD4 T Cells {#S3}
----------------------------------------------------

Batf, acting primarily as a heterodimeric complex with JunB ([@R14]; [@R44]), has been ascribed pioneering functions in T cell development, although detailed studies of its function in initiating chromatin accessibility have not been reported. To address that, we first established a kinetic profile of *Batf* expression after TCR stimulation of naive CD4 T cells *in vitro*. Activation was performed without exogenous cytokine addition (Th0) or under conditions known to polarize effector development down Batf-dependent pathways: Tfh-like polarization (modeled by the addition of exogenous interleukin6 (IL-6); hereafter, referred to as "Th0+IL-6") or Th17 polarization ([@R56]). In accord with prior studies, *Batf* transcription was rapidly induced upon TCR stimulation ([Figure 1A](#F1){ref-type="fig"}) ([@R13]), increasing approximately 5-fold within 24 h and maintained thereafter at a relatively stable level for at least 4 days. *Batf* expression was enhanced \~2-fold by the addition of IL-6 and, consistent with upregulated *Batf* transcription, Batf protein expression was also increased ([Figure 1B](#F1){ref-type="fig"}). Based on the observed kinetics, time points between 24 and 96 h were selected to investigate Batf-driven chromatin remodeling.

To identify genomic sites targeted for Batf-dependent chromatin accessibility, assay for transposase-accessible chromatin sequencing (ATAC-seq) was performed on activated and naïve CD4 T cells from wild-type (WT) and Batf-deficient (Batf knockout \[KO\]) mice ([Figure 1C](#F1){ref-type="fig"}). The chromatin landscape of naıїve, WT CD4 T cells was not significantly different from that of Batf KO-naive cells ([Figure S1A](#SD1){ref-type="supplementary-material"}). In contrast, approximately 10% of all accessible peaks in Th0 cells and greater than 30% in Tfh-like and Th17 cells were lost in Batf KO ([Figure 1C](#F1){ref-type="fig"}). Calculated and normalized tag densities around peak centers and transcription start sites (TSSs), as well as TSSs of Batf-target genes previously identified ([@R13]), defined permissive sites genome-wide ([Figure 1D](#F1){ref-type="fig"}). Of the remaining peaks, Batf deficiency resulted in significantly diminished chromatin accessibility particularly at TSSs, including those of Batf-target genes. Moreover, Tfh cells induced *in vivo*, which are dependent on Batf expression for optimal development and function ([@R3]), also exhibited significantly reduced chromatin accessibility in the absence of Batf ([Figures S1B](#SD1){ref-type="supplementary-material"} and [S1C](#SD1){ref-type="supplementary-material"}). Notably, in IL-6-activated T cells (Tfh-like and Th17 cells), relatively few peaks (\<200) were induced in the absence of Batf ([Figure 1C](#F1){ref-type="fig"}), suggesting that Batf has minimal repressive activities under conditions of enhanced Batf expression driven by IL-6. Together these studies indicate that a substantial fraction of accessible sites induced in naive T cells subsequent to TCR signaling is Batf dependent, particularly in the context of IL-6 co-signaling.

Protein interaction quantitation (PIQ) is an algorithm that integrates chromatin accessibility with genome-wide transcription factor (TF) motif discovery and identifies pioneer factors by assigning index scores based on motif-specific local increases in accessibility ([@R59]). TFs detected by PIQ from Th0+IL-6 cell ATAC-seq data, ranked by their index scores, identified Batf as a putative pioneer factor, along with a set of known pioneer factors that included Ets1, Gabpa, and Ctcf ([Figure 1E](#F1){ref-type="fig"}).

To assess the pioneering function of Batf-containing complexes, regions of Batf recruitment were identified by chromatin immunoprecipitation sequencing (ChIP-seq) and correlated with chromatin accessibility in Th0, Th0+IL-6, and Th17 cells activated for 24 h ([Figure 1F](#F1){ref-type="fig"}). Three types of sites could be identified: open chromatin not bound by Batf (I), Batf-bound closed chromatin (II), and Batf-bound open chromatin (III). Notably, although the magnitude of binding was significantly greater in open regions (cluster III), \~60% of the total sites of Batf recruitment occurred at closed chromatin (cluster II) ([Table S1](#SD2){ref-type="supplementary-material"}). Indeed, more than one-half of the 962 Batf-bound peaks residing in loci that encode Batf-regulated genes ([@R13]) were associated with closed chromatin at 24 h, as exemplified by *Itga3* and *Serpine1* ([Figure 1G](#F1){ref-type="fig"}; [Table S1](#SD2){ref-type="supplementary-material"}). Moreover, Batf-bound closed chromatin was generally associated with increases in the repressive mark H3K27me3, which was diminished at open regions bound by Batf ([Figure S1D](#SD1){ref-type="supplementary-material"}). Similarly, the permissive histone modifications H3K4me3 and H3K27ac correlated strongly with Batf-bound open chromatin, whereas Batf-bound closed chromatin was largely devoid of these marks.

Notably, many inaccessible sites to which Batf was initially bound at 24 h became accessible by 96 h (Th0, 20%; Th0+IL-6, 69%) ([Figure 1G](#F1){ref-type="fig"}), consistent with Batf's participation in pioneering those sites. In addition, the amplitude of many ATAC-seq peaks was significantly greater in cells that received IL-6 signaling, consistent with a contribution of increased Batf expression to the probability that a given site will be remodeled. How Batf-containing complexes bind closed chromatin is unclear, but it has been reported that members of the Ap-1 family can recognize consensus motifs containing a CpG dinucleotide (meAP-1 TGAnTCG) in heterochromatin and can activate gene expression at silenced promoters ([@R21]). Using motif analysis, we found enrichment of the meAP-1 element at Batf sites within inaccessible regions (cluster II) ([Figure 1H](#F1){ref-type="fig"}), identifying a potential mechanism by which Batf associates with closed chromatin. Collectively, these data indicate that Batf-containing complexes bind nucleosomal chromatin and can, therefore, act as pioneer factors, perhaps in part by recognizing methylated CpG motifs within target DNA sequences.

Irf4 Augments the Pioneering Activity of Batf Despite Its Own Lack of Pioneering Activity {#S4}
-----------------------------------------------------------------------------------------

In CD4 T cells, *Batf* and *Irf4* are induced within 4 h after TCR engagement ([@R64]) and are cooperatively recruited to AICEs. Previous studies ([@R20]; [@R39]; [@R44]) have suggested that Batf-Irf complexes perform pioneer functions by creating accessibility for binding of subset-specifying TFs, such as RORγt in Th17 cells ([@R13]). To assess the contribution of Irf4 to the pioneering function of Batf-containing complexes, ATAC-seq was performed on WT or Irf4-deficient Th0 and Th0+IL-6 cells ([Figure 2A](#F2){ref-type="fig"}). In contrast to Batf-deficient cells ([Figure 1C](#F1){ref-type="fig"}), Irf4 deficiency had modest effect on genome-wide chromatin accessibility. In agreement with previous results ([@R20]; [@R39]; [@R44]), Irf4 ChIP-seq showed that most of the Irf4 binding sites (76%) were co-bound by Batf, whereas only 22% of Batf binding sites showed coordinate recruitment of Irf4 ([Table S1](#SD2){ref-type="supplementary-material"}; [Figure 2B](#F2){ref-type="fig"}). Moreover, whereas most initial Batf binding was to closed chromatin---irrespective of co-binding of Irf4---Irf4 binding to closed chromatin was highly dependent on co-binding with Batf ([Figure 2B](#F2){ref-type="fig"}; [Table S1](#SD2){ref-type="supplementary-material"}); \~90% of Irf4-bound sites in closed chromatin was associated with Batf co-binding. Although Irf4 was largely devoid of pioneering activity without Batf, ATAC-seq tag densities in Irf4-deficient cells at Batf and Batf-Irf4 sites were reduced compared with those of WT cells ([Figure 2C](#F2){ref-type="fig"}), indicating a cooperative effect of Irf4. Thus, although Batf-containing complexes could modulate chromatin structure independent of Irf4, Irf4 functioned to augment that activity.

Batf-Induced Gene Expression Is Linked to Increased Chromatin Accessibility {#S5}
---------------------------------------------------------------------------

To perform a more detailed analysis of chromatin remodeling by Batf, we chose to focus on the *Il21* locus because it is among the genes expressed in an IL-6- and Batf-dependent manner by multiple Th cell lineages ([@R13]; [@R32]; [@R56]; [@R70]) ([Figure S2A](#SD1){ref-type="supplementary-material"}). ATAC-seq data from WT and Batf KO naive and stimulated CD4 T cells ([Figure 1C](#F1){ref-type="fig"}) were used to identify differentially accessible regions in the extended *Il21* locus, which is closely linked to the *Il2* locus ([Figure 3A](#F3){ref-type="fig"}). This demonstrated that naive WT and Batf KO T cells have a similar chromatin landscape in this locus; there was limited or no chromatin accessibility, and it was flanked by potential boundary elements marked by activation-independent accessibility 80 kb upstream and 28 kb downstream of the transcriptional start site of *Il21*, the latter of which appears to insulate the *Il21* locus from the *Il2* locus (see below). At sites with limited accessibility across the locus in naive WT cells ([Figure 3A](#F3){ref-type="fig"}), there were increased H3K27me3 marks ([Figure S2B](#SD1){ref-type="supplementary-material"}), indicating that the *Il21* locus exists in a transcriptionally repressed state in naive CD4 T cells. Upon activation, these marks were markedly decreased ([Figure S2B](#SD1){ref-type="supplementary-material"}) and coincided with increased accessibility, particularly at several conserved non-coding sequences, including conserved non-coding sequences −49, −60, −70, and −80 kb ([Figure 3A](#F3){ref-type="fig"}, blue highlights).This was in contrast to conserved non-coding sequence +27, in which accessibility was lost upon activation, except in WT Th17 cells. IL-6 co-signaling was required to induce accessibility within the *Il21* promoter and first intron, also enhancing accessibility and recruitment by Batf locus-wide compared with TCR stimulation alone ([Figures 3A](#F3){ref-type="fig"} and [3B](#F3){ref-type="fig"}). This correlated with further reduction in H3K27me3, albeit more modest than that induced by TCR alone ([Figures 3A](#F3){ref-type="fig"} and [S2B](#SD1){ref-type="supplementary-material"}). Accordingly, accessibility of these elements was greatly diminished in the absence of Batf ([Figure 3A](#F3){ref-type="fig"}) and was associated with increased H3K27me3 ([Figure 3C](#F3){ref-type="fig"}). Similar findings for loci encoding other Batf-target genes, including *Ahr, Il23r, Il17a/f,* and *Maf* ([Figure S3](#SD1){ref-type="supplementary-material"}) further demonstrated that control of local chromatin accessibility by Batf is associated with modulation of gene transcription.

Conserved non-coding sequence elements tend to have regulatory functions, behaving as transcriptional enhancers, silencers, or locus-control regions ([@R17]; [@R23]; [@R25]; [@R38]; [@R69]). To investigate the effect of Batf-dependent accessible regions on *Il21* transcription, these elements were cloned upstream of the *Il21* promoter and examined in a promoter/reporter assay ([Figures 3D](#F3){ref-type="fig"}--[3F](#F3){ref-type="fig"}). Although conserved non-coding sequences +28, −49, −60, and 80 significantly enhanced the transcriptional activity of the *Il21* promoter ([Figure 3D](#F3){ref-type="fig"}), conserved non-coding sequence-41 had minimal effect, despite robust Batf binding ([Figures 3B](#F3){ref-type="fig"} and [3D](#F3){ref-type="fig"}). Mutation of Batf consensus sites within the conserved non-coding sequence elements impaired enhancer activity ([Figure 3E](#F3){ref-type="fig"}), whereas overexpression of Batf augmented the activity ([Figure 3F](#F3){ref-type="fig"}). Thus, recruitment of Batf to multiple elements in the *Il21* locus appeared to enhance *Il21* transcription in association with increased chromatin accessibility.

Batf Induces Increased Recruitment of the Chromatin Remodeling Factor Ctcf {#S6}
--------------------------------------------------------------------------

A hallmark of pioneer factors is their ability to alleviate chromatin constraints on the recruitment of transcription factors and histone-modifying complexes that regulate gene transcription ([@R59]; [@R65]). To identify factors whose recruitment might be linked to Batf, ATAC-seq data from WT and Batf KO T cells activated with and without IL-6 were analyzed by Wellington bootstrap footprinting, an algorithm that identifies the differential occurrence of transcription factor footprints in two accessible chromatin datasets ([@R50], [@R51]) ([Figures 4A](#F4){ref-type="fig"}--[C](#F4){ref-type="fig"} and [S4](#SD1){ref-type="supplementary-material"}). Consistent with increased Batf-dependent chromatin accessibility, most transcription factor footprints identified in WT cells were lost in Batf KO cells ([Figure 4A](#F4){ref-type="fig"}). Motif-enrichment analysis of identified footprints revealed that a subset of transcription factor motifs was significantly diminished in Batf KO cells ([Figures 4B](#F4){ref-type="fig"}, [4C](#F4){ref-type="fig"}, and [S4A](#SD1){ref-type="supplementary-material"}--[S4C](#SD1){ref-type="supplementary-material"}). Not surprisingly, this included Ap-1 family members (e.g., Batf itself), Irf4, and associated AICE1 and AICE2 elements. Interestingly, however, Ets, Runx, Oct, and Ctcf consensus motifs were also identified. Particularly intriguing was the identification of Ctcf, a DNA binding factor that acts both as a chromatin insulator, defining boundary domains, and as a mediator of DNA looping, functioning to juxtapose distal regulatory elements with gene promoters to modulate transcription ([@R48]; [@R54]). Diminished Ctcf motifs in Batf-deficient cells suggested that Batf might facilitate Ctcf recruitment, thereby affecting chromatin remodeling and higher-order chromatin structure.

In support of a role for Batf in recruiting Ctcf, Ctcf ChIP-seq revealed a significant reduction in genome-wide Ctcf-occupied sites in the absence of Batf ([Figure 4D](#F4){ref-type="fig"}; [Tables S2](#SD3){ref-type="supplementary-material"} and [S3](#SD4){ref-type="supplementary-material"}), particularly in T cells activated in the presence of IL-6. Integration of ATAC-seq peaks with Batf and Ctcf ChIP-seq peaks revealed substantial enrichment of co-binding of Ctcf and Batf in accessible chromatin ([Figure 4E](#F4){ref-type="fig"}). Although this represented a minority of total Ctcf binding (\~80% of total Ctcf was bound to sites in inaccessible chromatin), it accounted for \~44% of the total Ctcf-bound accessible sites ([Figure 4E](#F4){ref-type="fig"}, region III). Similarly, although most Batf binding did not coincide with Ctcf recruitment, \~30% of Batf-bound sites in accessible chromatin did. This was in marked contrast to \~4% of Batf sites co-bound by Ctcf in closed chromatin. Thus, coordinate binding of Batf and Ctcf was enriched at accessible sites, suggesting that Batf acts to recruit Ctcf to sites with gene regulatory function.

Notably, a large fraction of the Batf-Ctcf co-bound sites was enriched for loci that contain genes expressed in the context of Th17 cell differentiation ([@R13]) ([Tables S2](#SD3){ref-type="supplementary-material"} and [S3](#SD4){ref-type="supplementary-material"}). However, Batf also contributed significantly to Ctcf binding at sites at which Batf did not bind directly. Accordingly, although Batf deficiency resulted in reduced ATAC-seq signal densities at accessible sites co-bound by Batf and Ctcf in WT T cells (cluster III; [Figures 4F](#F4){ref-type="fig"} and [4G](#F4){ref-type="fig"}), it also reduced signal intensities at sites that bound Ctcf independent of Batf (cluster II; [Figures 4F](#F4){ref-type="fig"} and [4G](#F4){ref-type="fig"}). Consistent with these findings, in addition to reducing Ctcf binding at sites to which Batf was co-bound, deficiency of Batf, although not significantly altering the expression of Ctcf ([Figure S4D](#SD1){ref-type="supplementary-material"}), also significantly reduced Ctcf binding at a substantial number of sites to which it did not co-bind ([Figure 4H](#F4){ref-type="fig"}). Thus, the increased recruitment of Ctcf induced by Batf appeared to be mediated both by direct interactions---that is, co-binding of Batf and Ctcf to the same sites in the genome---and indirect mechanisms that involved Batf-dependent regulation of the expression of other factors that promote Ctcf recruitment.

Although Irf4 was dispensable for a substantial portion of Batf-mediated chromatin accessibility ([Figures 2A](#F2){ref-type="fig"} and [2C](#F2){ref-type="fig"}), we sought to determine whether Batf-dependent Ctcf recruitment required cooperative Irf4 binding. Motif analysis of Batf-bound or Ctcfbound sites showed enrichment of Batf and AICE motifs or Ctcf motifs, respectively, as expected (not shown). Interestingly, however, although Batf and Ctcf motifs were enriched at sites of Batf-Ctcf co-occupancy, AICE motifs were not ([Figure 4I](#F4){ref-type="fig"}). Moreover, although Irf4 showed the expected co-recruitment to Batf-bound sites, there was limited recruitment to sites of Batf-Ctcf co-binding ([Figure S4E](#SD1){ref-type="supplementary-material"}). As predicted, given Irf4's modest effect on genome-wide chromatin modulation ([Figures 2A](#F2){ref-type="fig"} and [2C](#F2){ref-type="fig"}), Irf4 deficiency had no significant effect on chromatin accessibility at Ctcf sites ([Figure S4F](#SD1){ref-type="supplementary-material"}). Thus, co-binding of Batf and Ctcf occurs principally at sites of Batf recruitment at which there is no coordinate recruitment with Irf4, i.e., at non-AICE sites.

Batf Upregulates and Cooperates with Ets1 to Mediate Ctcf Recruitment {#S7}
---------------------------------------------------------------------

In view of our finding that Batf affected Ctcf binding at many sites independent of co-binding with Ctcf, we speculated that Batf might act indirectly by modulating the expression of factors that cooperate in regulating chromatin reorganization at these sites. We, therefore, examined candidates identified in our footprint analysis of Batf-dependent accessible chromatin---Ets, Runx, and Oct ([Figures 4B](#F4){ref-type="fig"}, [4C](#F4){ref-type="fig"}, and [S4A](#SD1){ref-type="supplementary-material"}--[S4C](#SD1){ref-type="supplementary-material"}). To determine whether these factors, or others, might act cooperatively with, or downstream of, Batf to regulate Ctcf recruitment, motif analysis was performed on Ctcf-bound sites that were subject to control by Batf but that did not directly bind Batf ([Figure 5A](#F5){ref-type="fig"}). Along with Ctcf and its related factor, Ctcf-like (Ctcfl or Boris)---which is poorly expressed in T cells---motifs corresponding to Nanog and several members of the Ets-domain family of transcription factors were found to be enriched. Although *Nanog*, *Etv1,* and *Erg* have little or no expression in T cells, *Ets1* is expressed and to a greater degree than other Ets factors previously identified in Th17 cells ([@R13]). Ets1 is a putative pioneer factor ([@R4]; [@R10]) (and see [Figure 1E](#F1){ref-type="fig"}) and was, therefore, a potential co-contributor with Batf and/or other factors in promoting Ctcf binding.

To define possible sites of interaction between Ets1 with Ctcf, Batf, or both and to assess the effect of Batf deficiency on Ets1 binding genome wide, ChIP-seq for Ets1 was performed in WT and Batf-deficient Th0 and Th0+IL-6 cells ([Figures 5B](#F5){ref-type="fig"}--[5E](#F5){ref-type="fig"} and [5G](#F5){ref-type="fig"}). Motif analysis revealed that Batf and Ctcf motifs were highly enriched in Ets1-bound sites ([Figure 5B](#F5){ref-type="fig"}). This suggested direct interactions of Ets1 with Batf and Ctcf and implied a role for Ets1 in promoting Ctcf genome-wide binding. Indeed, of the total sites of Ets1 binding in WT cells ([Figure 5C](#F5){ref-type="fig"}), most (\~53%) also bound Ctcf and a substantial fraction (\~46%) co-bound Batf. Moreover, of the total sites of Batf-Ctcf co-binding genome wide, most (\~62%) also bound Ets1. Thus, Ets1 showed substantial co-binding at sites of Ctcf recruitment, whether coordinately with, or independent of, Batf.

Because these findings suggested that Ets1 might be downstream of Batf in regulating Ctcf recruitment, we examined the effect of Batf expression on Ets1-binding genome wide and determined how Batf deficiency affected Batf-dependent and -independent sites of Ets1-Ctcf co-binding ([Figures 5D](#F5){ref-type="fig"} and [5E](#F5){ref-type="fig"}). Interestingly, Batf deficiency had only a modest effect on global Ets1 recruitment in Th0 cells, whereas it had a profound effect in Th0+IL-6 cells ([Figure 5D](#F5){ref-type="fig"}), even though Ets1 binding was comparable between WT Th0 and Th0+IL-6 cells ([Figure S5A](#SD1){ref-type="supplementary-material"}); 93% of genome-wide Ets1 binding---including Batf-dependent Ctcf sites co-bound by Ets1, Batf, or both ([Figure 5E](#F5){ref-type="fig"})---was reduced in Th0+IL-6 cells in the absence of Batf. Substantial reductions in chromatin accessibility ([Figure 1C](#F1){ref-type="fig"}) with concomitant diminution of motif enrichment for Ets ([Figures 4B](#F4){ref-type="fig"} and [S4B](#SD1){ref-type="supplementary-material"}) likely contributed to the difference in Ets1 recruitment observed in Batf KO Th0+IL-6 cells compared with Batf-deficient Th0 cells. In agreement with a recent report ([@R33]), Batf deficiency also significantly reduced Ets1 expression in both Th0 and Th0+IL-6 cells ([Figure 5F](#F5){ref-type="fig"}). Collectively, these findings suggest that Batf affected Ets1 global genome binding at least in part via effects on Ets1 expression but also by creating permissive sites for Ets1 binding that together served to control Ctcf recruitment to Batf-dependent sites.

To examine this further, Ctcf ChIP-seq was performed on Ets1-deficient Th0 and Th0+IL-6 cells, and the effects on Ctcf binding were compared with those conferred by Batf deficiency ([Figure 5G](#F5){ref-type="fig"}). Of the total sites bound by Ctcf plus Batf, Ctcf plus Ets1, or Ctcf plus Batf and Ets1 ([Figure 5C](#F5){ref-type="fig"}), Ets1 deficiency significantly reduced Ctcf binding at sites at which Ets1 normally co-bound, irrespective of binding by Batf and also at sites to which it did not bind. Similarly, in agreement with our findings above ([Figures 4D](#F4){ref-type="fig"}, [4G](#F4){ref-type="fig"}, and [4H](#F4){ref-type="fig"}), Batf deficiency significantly reduced Ctcf binding, both at sites where it co-bound with Ctcf and Ets1, Ctcf alone, or neither. Because IL-6 signaling phosphorylates STAT3 and induces its nuclear localization and DNA binding in concert with enhanced *Batf* expression ([@R15]), we also surveyed STAT3 binding. Analyses of STAT3-, Ctcf-, Batf-, and Ets1-bound regions in cells co-activated with IL-6 revealed that greater than 50% of Ctcf-BatfEts1- and Batf-Ets1-bound sites also bound STAT3, as it did to nearly all of the remaining sites of Ctcf and Ets1 binding. This suggests that STAT3 contributes to Ctcf recruitment in cooperation with Batf and Ets1 in IL-6-stimulated cells ([Figure S5B](#SD1){ref-type="supplementary-material"}). Thus, Batf appears to modulate the activation-dependent recruitment of Ctcf both by its binding to shared sites and by its induction of Ets1, which may act coordinately with, or independent of, Batf, and these effects appear to be critically modulated by IL-6-induced STAT3 co-binding.

The pattern of reduction in Ctcf binding consequent to Ets1 deficiency suggested that Ets1 might facilitate Ctcf recruitment via both direct interactions at sites of co-binding and other mechanisms. We, therefore, examined the effect of Ets1 deficiency on the expression of *Ctcf* and *Med12,* a central component of the mediator complex that can interact with Ctcf to modulate chromatin reorganization ([@R6]) ([Figure 5H](#F5){ref-type="fig"}). Ets1 deficiency significantly compromised the expression of both *Ctcf* and *Med12,* but had no significant effect on the expression of *Pou2f1*. The latter encodes Oct1, an established interaction partner of Ctcf in T cells ([@R34]). In accord with its marked effect on *Ctcf* and *Med12* expression, Ets1 bound these gene loci ([Figure S5C](#SD1){ref-type="supplementary-material"}). We found that Ets1 deficiency also affected the expression of IL-6 target genes, including Batf ([Figure S5D](#SD1){ref-type="supplementary-material"}). Because optimal Ets1 expression is Batf dependent, this revealed an interdependent relationship of both factors. Collectively, our findings indicate that Ets1 modulates chromatin remodeling both by regulating the availability of Ctcf and Batf (and the mediator complex) and serves as a central co-factor with Batf to recruit Ctcf to sites across the genome.

To examine the interplay of Batf, Ets1, Ctcf, and Med12 with greater precision, we again interrogated the *Il21* locus ([Figure 5I](#F5){ref-type="fig"}). We found that Ctcf binding at conserved non-coding sequences +28, +13, −41, and −60 in the *Il21* locus was impaired by Batf deficiency, particularly in IL-6-stimulated cells ([Figures 5I](#F5){ref-type="fig"} and [S5E](#SD1){ref-type="supplementary-material"}). In accord with a critical role for Ets1 in the genome-wide recruitment of Ctcf, Ctcf binding across the *Il21* locus was markedly reduced in Ets1-deficient cells stimulated with or without IL-6, indicating an indispensable role for Ets1 in the recruitment of Ctcf to this locus ([Figures 5I](#F5){ref-type="fig"} and [S5E](#SD1){ref-type="supplementary-material"}). Consistent with the Batf-dependent Ets1 induction, recruitment to Ctcf-bound regions was also reduced in the absence of Batf, particularly when cells were stimulated with IL-6. Ets1 recruitment to Ctcf-bound sites was also significantly reduced in the absence of Batf, particularly in the presence of IL-6 signaling. Med12 binding was also substantially diminished at sites of Ctcf binding, as well as at the *Il21* promoter and gene body ([Figure 5I](#F5){ref-type="fig"}). Notably, although STAT3 binding to the *Il21* locus downstream of IL-6 signaling localized to regions bound by Ctcf and Ets1, there was also prominent STAT3 binding at sites that bound Batf and Irf4 (i.e., AICE elements) but not Ctcf or Ets1 ([Figure 5I](#F5){ref-type="fig"}), including the promoter. Analysis of additional Batf target genes, including *Ahr*, *Il12rb2/Il23r, Il17a/f,* and *Maf,* demonstrated a consistent theme of Batf-dependent co-occupancy of Ets1 and Med12 at Ctcf-bound sites ([Figure S5F](#SD1){ref-type="supplementary-material"}). Collectively, these data indicate that Batf, acting through and in cooperation with Ets1, is central to the recruitment of chromatin looping factors that likely underpin competency for gene expression during effector CD4 T cell development.

Batf Is Required for Ctcf-Mediated Chromatin Looping at the *Il21* and *Il17a/f* Loci {#S8}
-------------------------------------------------------------------------------------

Ctcf contributes to chromatin looping between regulatory regions to modulate gene expression ([@R42]). In CD4 T cells, Ctcf has been reported to facilitate interactions between regulatory elements that control *Ifng, Il4/ Il5/Il13,* and *Il17a/Il17f* expression in Th1, Th2, and Th17 cells, respectively ([@R34]; [@R38]; [@R55]; [@R57]). Because we found that Batf induces enhanced Ctcf recruitment, whether directly or indirectly, we hypothesized that Batf is required for chromatin looping that favors transcriptional activity in Batf target genes. Batf-dependent looping at the *Il21* locus was, therefore, interrogated with the chromosome conformation capture (3C) assay ([Figure 6](#F6){ref-type="fig"}), incorporating the *Il21* promoter and two of the most Batf-sensitive, Ctcf-bound conserved non-coding sequence elements (conserved non-coding sequences +28 and −41; [Figure S5E](#SD1){ref-type="supplementary-material"}) as anchor fragments.

A survey of the locus using the promoter as anchor revealed that chromatin looping in the *Il21* locus was absent in naive CD4 T cells and minimal early after TCR stimulation alone (day 1; [Figure 6A](#F6){ref-type="fig"}). Consistent with a previous report ([@R49]), only with the addition of IL-6 signaling did we observe significant increases in chromatin looping, which was greatest on day 4 and was internally consistent with each of the anchor fragments ([Figure 6A](#F6){ref-type="fig"}). Because of its accessibility in naive T cells ([Figure 3A](#F3){ref-type="fig"}) and its recruitment of Ctcf ([Figure 5I](#F5){ref-type="fig"}), the intergenic +28-kb element would appear to insulate the *Il21* locus from the adjacent Il2 locus. As predicted, Batf-deficient T cells showed significantly impaired looping---particularly in the presence of IL-6---establishing the importance of Batf in modulating chromatin structure to support chromatin looping ([Figure 6B](#F6){ref-type="fig"}). Similar Batf-dependent chromatin looping was observed at the activation-dependent conserved non-coding sequence +11-accessible region of the *Il17a/f* locus ([Figure 6C](#F6){ref-type="fig"}). In view of the significant loss of Ctcf at looping nodes in Batf- and Ets1-deficient T cells and the similar loss of mediator and Ets1 binding to the same sites in Batf-deficient cells ([Figure 5I](#F5){ref-type="fig"}), a critical role for Ets1 in Batf-induced chromatin looping was indicated. Indeed, although ectopic expression of Ets1 in Batf-deficient Th0+IL6 cells only modestly enhanced Ctcf expression ([Figure 6D](#F6){ref-type="fig"}), it restored Ctcf binding at regions +28, +13, and −41 of the *Il21* locus, demonstrating that Batf-induced Ets1 functions to recruit Ctcf to those sites. This was in contrast to conserved non-coding sequence 60, where Ctcf recruitment was dependent on cooperative binding of Batf and Ets1, even in the presence of abundant expression of Ctcf ([Figure 6E](#F6){ref-type="fig"}). However, despite recovery of Ctcf binding at +28, +13, and −41 of the *Il21* locus in Ets1-transduced Batf KO Th0+IL-6 cells, chromatin looping between Batf-dependent conserved non-coding sequences and the *Il21* promoter was not restored to WT levels ([Figures 6F](#F6){ref-type="fig"}), underscoring an essential function for Batf in directing chromatin organization at select loci.

Batf Is Required for Ctcf-Mediated Chromatin Looping Genome-wide in CD4 T Cells {#S9}
-------------------------------------------------------------------------------

Our locus-level studies indicated that Batf had a major role in Ctcf-dependent chromatin looping as a mechanism to control Batf-dependent gene expression. To extend those findings genome-wide, we used Hi-C to assess more-extended chromatin interactions. Naive and activated WT and Batf-deficient CD4 T cells were processed according to the Hi-C protocol, and data were analyzed with the HOMER Hi-C analysis package to identify significant interactions and create contact maps ([@R41]). Looping interactions identified in the *Il21-Il2* genome by Hi-C ([Figure 7A](#F7){ref-type="fig"}) mirrored those found with 3C ([Figure 6](#F6){ref-type="fig"}), validating the genome-wide approach. Consistent with substantial repressive histone marks at the *Il21* locus in naive CD4 T cells ([Figure S2B](#SD1){ref-type="supplementary-material"}), minimal looping was observed in either WT or Batf-deficient cells ([Figures S6A](#SD1){ref-type="supplementary-material"} and [7A](#F7){ref-type="fig"}). In contrast, looping interactions were greatly diminished in activated Batf-deficient cells, particularly at conserved non-coding sequence +28 and conserved non-coding sequence +13 in which there was coordinate binding of Batf, Ets1, Ctcf, and Med12 in WT cells ([Figures 5I](#F5){ref-type="fig"} and [7A](#F7){ref-type="fig"}). More than five Batf-dependent interactions were observed at conserved non-coding sequences +28 and +13, suggesting that these two conserved non-coding sequences act as key interaction nodes for Ctcf-mediated regulation of *Il21* gene expression.

Similarly, intra-chromosomal interactions within 1 mb of genomic regions containing the Batf target genes *Ahr, Il23r, Il17a/f,* and *Maf* revealed that the extent of chromatin looping was significantly reduced in Batf-deficient cells ([Figure S6B](#SD1){ref-type="supplementary-material"})--- consistent with impaired Ctcf recruitment to those loci ([Figures 5I](#F5){ref-type="fig"} and [S5F](#SD1){ref-type="supplementary-material"})---whereas intra-chromosomal interactions of Batfindependent genes in WT and Batf-deficient Th0+IL-6 cells were comparable ([Figure S7](#SD1){ref-type="supplementary-material"}). Genome-wide calculated and normalized interaction reads demonstrated significant impairment of intra- and inter-chromosomal interactions in Batf-deficient cells, whether assessed globally or at genomic regions containing Batf target genes ([Figure 7B](#F7){ref-type="fig"}). Principal-component analysis of the normalized interaction matrix for chromosome 3, which contains the *Il21-Il2* gene locus, segregated regions into active (positive principal-component 1 \[PC1\] values) and inactive (negative PC1 values) chromatin, and consistent with the correlation between chromatin accessibility and Batf-mediated Ctcf binding ([Figures 4F](#F4){ref-type="fig"} and [4G](#F4){ref-type="fig"}), chromatin looping was tightly associated with open chromatin ([Figure 7C](#F7){ref-type="fig"}). Moreover, the compartment structure of chromosome 3, defined by PC1 value and presented as different correlation values, becomes less permissive in Batf-deficient cells compared with WT cells under Th0+IL-6 conditions ([Figure 7D](#F7){ref-type="fig"}). Using Structured Interaction Matrix Analysis (SIMA) to further correlate regions of open chromatin with interacting domains, we found that associations of accessible regions in chromosome 3 with intra- and interdo-main interactions were substantially reduced in Batf-deficient T cells compared with WT cells ([Figure 7E](#F7){ref-type="fig"}), demonstrating a requirement for Batf in broadly directing chromatin interactions. Taken together, our results establish that Batf promotes local and long-range chromosomal interactions through direct and indirect control of the expression and recruitment of Ctcf to key regulatory nodes.

DISCUSSION {#S10}
==========

Batf is central to the development and function of several effector T cell subsets. In this study, we have identified mechanisms by which Batf acts to restructure the chromatin landscape to enable new gene transcription during the programming of effector T cell differentiation. Although Batf has previously been referred to as a pioneer factor, through a more detailed analysis of its function in chromatin remodeling, we have established that Batf binds to many sites of nucleosomal chromatin genome-wide before nucleosomal clearing to facilitate additional transcription factor recruitment at these sites. Notably, we found that a key *trans*-factor, Ctcf, is recruited in a Batf-dependent manner to both Batf-bound and -unbound sites, functioning to promote chromatin looping that reorganizes Batf target genes during effector T cell development. We further find that Batf promotes Ets1 expression, with which it cooperates to induce Ctcf expression and binding to control the formation of higher-order chromatin architecture. In view of the TCR-induced rapid induction of Batf in naive CD4 T cells and the amplification of its expression by IL-6 signaling, our findings provide insight into Batf's non-redundant role in IL-6-dependent effector T lineage specification. Finally, we establish the importance of non-AICE Batf target sequences as sites for Ctcf recruitment and chromatin remodeling.

Our findings and those of others ([@R4]) indicate that TCR signaling in naive T cells results in a remarkable increase in genome-wide chromatin accessibility. This early checkpoint is common to the differentiation of all effector T cells and implies that similar mechanisms may prepare the enhancer landscape for cytokine-induced lineage-specific transcription factor recruitment. The requirement for Batf in Th17 and Tfh cell development ([@R29]; [@R56]) and the Batf-dependent induction of chromatin accessibility in Th17 cells has been attributed to the pioneering function of Batf ([@R13]), which is reinforced herein; the rapid induction of Batf by TCR signaling and its ability to bind closed chromatin that is opened contingent upon its expression strongly implicate Batf as a pioneer factor. A similar function of Batf has been described for "Tr1" cells ([@R33]), and given the requirement for Batf in the optimal development Th2 and Th9 cells ([@R1]; [@R3]; [@R31]), it likely participates in the induction of chromatin accessibility in these subsets as well. An outlier would appear to be Th1 cells, in which the production of interferon-γ (IFN-γ) is unperturbed by deficiency of Batf despite its normal expression by those cells ([@R29]; [@R56]). However, because Th1 cells also express substantial amounts of Batf3, a functionally equivalent homolog of Batf ([@R44]), it remains to be determined whether there are deficits in genome-wide chromatin accessibility and Th1 development in the absence of both Batf and Batf3, or whether Ap-1 factors other than Batf may contribute to chromatin remodeling in Th1 cells. In any case, Batf appears to have a broad role in the induction of chromatin accessibility that is a prerequisite for altered gene expression during effector T cell development.

Defining features of pioneer factors are their ability to bind nucleosomal DNA and initiate nucleosome clearing to enable binding of other transcription factors to assemble enhanceosomes. We find that Batf binds thousands of sites in closed chromatin and is indispensable for nucleosome clearance at many. It is unclear how Batf achieves that. Remarkably, few studies have examined Ap-1 family member binding in the context of chromatin accessibility. Although molecular modeling suggests that Fos-Jun binding to nucleosomal DNA may be sterically hindered([@R26]),findings herein establish that Batf binds nucleosomal DNA; nucleosome remodeling at many sites bound by Batf does not occur in Batf-deficient T cells, and Batf binding precedes nucleosomal clearingatmanysites.IthasbeenreportedthatAp-1heterodimers can directlybindBAF60a ([@R30]),a component of the SWI/ SNF (BAF) nucleosome-remodeling complex that mediates nucleosome clearing and repositioning. Because Batf lacks a transactivation domain and preferentially binds JunB or JunD in T cells ([@R44]) and because JunB, but not JunD, binds BAF60a, only by partnering with JunB might Batf directly effect nucleosomal clearing. In this regard, it is notable that JunB---like Batf---is required for optimal Th17 development ([@R9];[@R24];[@R63]),although its contribution to the pioneering function of Batf is undefined. Further studies to dissect the possible roles of Batf and Jun proteins in creating accessible chromatin should be informative.

Through the interrogation of Batf-dependent accessible sites genome wide by motif analysis, two interrelated discoveries were made: Batf regulated the DNA binding and looping function of the chromatin architecture factor Ctcf, and Batf regulated the expression and recruitment of Ets1, which, in turn, regulated the expression and recruitment of Ctcf and the Med12 component of the mediator complex that is required for gene transcription. The Batf-and Ets1-induced expression and recruitment of Ctcf were functionally important because both intra-and inter-chromosomal interactions were profoundly impaired by Batf deficiency, particularly in T cells activated by concurrent TCR and IL-6 signaling. Although Ap-1-dependent chromatin looping has been previously described at locus- and gene-specific levels, Ctcf was not examined ([@R11]; [@R52]). Our findings link early Batf expression during effector T cell differentiation to direct and indirect mechanisms that control Ctcf-mediated chromatin remodeling.

Analogous to the cooperation of Batf-Jun complexes with Irf4 at AICEs in T cells ([@R13]; [@R19]; [@R39]), members of the Ets family of transcription factors bind cooperatively with Irf4 or Irf8 at Ets-Irf composite elements (EICEs) to control fate decisions in B cells, macrophages, and dendritic cells ([@R19]). Ets factors have been thought to be less important in T cells because of their more restricted expression, although Th17 cells have been shown to express Ets1 ([@R43]). Indeed, Ets1 has been reported to repress Th17 differentiation through an indirect mechanism involving the modulation of Il2 expression ([@R43]). Nevertheless, we found that expression of *Ets1* was significantly enhanced by Batf and had a direct role in Ctcf and *Med12* expression by T cells. Moreover, coordinate binding of Ets1 to sites of Batf-dependent Ctcf binding was substantially greater than Batf itself. Accordingly, Batf-dependent recruitment of Ctcf was markedly impaired by Ets1 deficiency. This strongly implicates Ets1 as an important factor mediating Batf-dependent chromatin remodeling. Because Batf is not expressed by naive T cells, this places Batf downstream of TCR signals and upstream of Ets1 in a transcription factor cascade that controls chromatin looping at a number of important gene loci that are developmentally regulated during effector T cell differentiation.

Despite the importance of cooperativity between Batf-Jun heterodimers with Irf4 at AICEs, we found that Irf4, although clearly important for the induction of chromatin accessibility at many sites, was dispensable at most sites at which Batf-dependent recruitment of Ctcf was found. Although it is unknown whether Irf factors contribute to the pioneering functions of Batf-Jun heterodimers or Ets family members, Ets1 binds nucleosomal DNA during early T cell development in the thymus ([@R10]) and, as a member of the Ets family of transcription factors, has pioneering activity ([@R59]). Moreover, Ets1 and Ap-1 proteins can physically interact ([@R2]), raising the possibility that Ets1 binding could cooperate with Batf at sites at which both bind to create accessible sites for Ctcf recruitment. Although Batf-dependent Ctcf recruitment to AICEs and EICEs was evident, this represented a minority of sites to which Ctcf recruitment was controlled by Batf. This suggests that both Batf and Ets1 likely act with factors other than Irf4 to recruit Ctcf and will require further study. Moreover, we found that most Batf-dependent Ctcf binding was not associated with co-binding of either Batf or Ets1, indicating that binding of Ctcf to those sites may have higher affinity for Ctcf and result from increased Ctcf expression alone, may be dependent on other factors whose expression and/or function is downstream of Batf, or both. Studies to characterize these sites in more detail will be needed.

The requirement for Batf and Ets1 in the induced binding of Ctcf genome-wide is remarkable given that Ctcf is itself a pioneer factor ([@R48]; [@R59]). In fact, most sites bound by Ctcf were already occupied by Ctcf in naive T cells before TCR signaling-induced activation---and were thus Batf independent---and resided in closed chromatin even after effector T cell differentiation. This suggests a possible hierarchy of Ctcf functions, where the pre-existing sites of occupancy may well be enriched for insulators and long-range topological interactions that are deposited earlier in T cell development, whereas sites of Batf- or Ets1-dependent Ctcf binding induced during effector T cell development may be enriched for enhancers that participate in shorter-range chromatin looping that regulates de novo gene transcription. The observed decrement in looping to TSSs in Batf-deficient cells is consistent with that possibility. This may reflect differential binding affinities of Ctcf consensus sequences to which Ctcf can bind in closed chromatin versus those to which it binds only after nucleosomal clearing.

In view of Batf's enhanced expression by STAT3 downstream of IL-6 signaling in developing Th17 and Tfh cells, and its critical role for both *Rorgt* and *Bcl6* expression in those lineages ([@R29]; [@R56]), it will be important to understand how STAT3 is integrated with other transcription factors that control early *Batf* expression---and with Batf itself at downstream target genes. Unlike Batf, STAT3 does not possess pioneering functions ([@R60], [@R61]), yet it participates in the assembly of lineage-specific enhanceosomes by recruiting p300 ([@R15]; [@R60]). STAT3 recruitment to IL-6-responsive genes has been found to be BRG1 dependent ([@R46]), suggesting a mechanism whereby Batf and/or Ets1 recruitment of the SWI/SNF complex could promote STAT3 binding to sites pioneered by Batf or Ets1. Additionally, and not mutually exclusively, STAT3 has been reported to bind the C-terminal region of Jun to mediate IL-6-induced transcription ([@R66]). In preliminary studies, we found that sites of chromatin accessibility identified in the extended Batf locus were already present in naive CD4 T cells and are enriched for Ap-1, nuclear factor kB (NF-kB) and STAT3 motifs that would appear poised for rapid response downstream of TCR and IL-6 signaling without requirement for pioneering activity (D.P., C.T.W., R.D.H., unpublished data). Future investigations examining the interplay of Ap-1 complexes in addition to Batf-Jun, Ets1, the BAF complex, and STATs will allow a better understanding of how expression of Batf is controlled and how Batf controls the chromatin landscape in developing effector T cells via Ctcf-mediated chromatin reorganization.

STAR★METHODS {#S11}
============

LEAD CONTACT AND MATERIALS AVAILABILITY {#S12}
---------------------------------------

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Casey Weaver (<cweaver@uabmc.edu>). Mice and plasmids generated in this study are available upon request via a material transfer agreements (MTA).

EXPERIMENTAL MODEL AND SUBJECT DETAILS {#S13}
--------------------------------------

### Mice {#S14}

C57BL/6J, *Batf*^−/−^ (Batf KO) ([@R56]), *Irf4*^fl/fl^ (Irf4 cKO) ([@R35]), and CD4-Cre mice were purchased from The Jackson Laboratory (Bar Harbor, ME USA). *Ets1*^fl/fl^ CD4-Cre^+^ (Ets1 cKO) were previously described ([@R71]). 6--8 week old male and female mice (C57BL/6J background) were used in all experiments. Littermates were used as wild-type (WT) control mice. Mice were maintained under specific pathogen-free conditions. All experiments were performed with the approval of the University of Alabama Institutional Animal Care and Use Committee.

### Cell culture conditions {#S15}

Naive CD4^+^CD62L^hi^ T cells were isolated from spleen and lymph nodes using a MACS isolation system (Miltenyi Biotec) or sorted by flow cytometry for CD4^+^CD44^low^CD62L^high^ naive cell population. Naive CD4^+^ T cells were activated with plate-bound anti-CD3 (2 ug/ml, 145--2C11) and soluble anti-CD28 (37.51, 0.5 ug/ml) for Th0 with additional cytokines and antibodies to generate Th17 cells (20 ng/ml IL-6; 5 ng/ml human TGF-β; 10 ng/ml IL-1 β, 10 ug/ml anti-IL-4, 11B11; and 10 ug/ml anti-IFN-γ, XMG). 20 ng/ml IL-6 was added to Th0 in some culture conditions (Th0+IL-6). Cells were expanded after 3 days without additional cytokines (Th0, Th0+IL-6) or half concentration (Th17) of the original cytokines in fresh medium. Recombinant cytokines and antibodies are from BD Biosciences or R&D.

METHOD DETAILS {#S16}
--------------

### Listeria monocytogenes (L.m.) infection {#S17}

6--8 weeks WT and Batf KO mice were infected with 5×10^7^ cfu/ml *L.m* by intravenous injection (i.v.). Mice were sacrificed after 48 h of infection, and splenocytes were isolated and processed for further analysis such as cell staining and ATAC-seq analysis.

### Cell sorting and FACS {#S18}

Cells were surfaced-stained with fluorochrome conjugated antibodies for 30 min at 4°C, washed with 2% BSA/PBS and fixed with 2% formaldehyde for 10 min at room and sorted using a BD FACS Aria. Sorted cells were used for total RNA isolation to assess gene expression by RT-PCR.

### Gene expression by RT-PCR {#S19}

Total RNA was isolated using Trizol reagent (Invitrogen Life Technologies) and reversed transcribed to make cDNA using iScript cDNA Synthesis Kit according to the manufacturer's instructions (Bio-Rad). Gene expression was assessed by RT-PCR and normalized to housekeeping gene expression (β2-microglobulin, *β*2 m). The relative gene expression was calculated by the change-in-threshold (-ΔΔC~T~) method.

### Constructs and luciferase assay {#S20}

The *Il21* promoter and conserved noncoding sequences were PCR amplified using listed primers and cloned into pGL3 luciferase plasmid. Plasmids containing Batf mutated sites were constructed using QuikChange XL Site-Directed Mutagenesis Kit (Agilent). The Batf-expression vector was previously described ([@R31]). For T cell transfection experiments, naive CD4^+^ T cells were activated with 2 ug/ml anti-CD3 and 0.5 ug/ml anti-CD28 with or without 20 ng/ml IL-6. After 72 h, cells were transfected with the luciferase plasmids and control plasmid using Nucleofector Kits for Mouse T Cells (Lonza). Cells were rested overnight, restimulated with PMA and ionomycin for 5 h, and followed by assessment of luciferase expression with the dual luciferase system (Promega).

### Retroviral transduction experiments {#S21}

*Ets1* (Origene, cat no. MR207015) cDNA was digested and sub-cloned into the MSCV-Thy1.1 bicistronic retroviral plasmid and viral stocks were prepared as described ([@R31]). CD4^+^ T cells were transduced on day 2 of activation with titered supernatants containing control or Ets1-expressing retrovirus by centrifugation at 2000 rpm at 25°C for 1h in the presence of 8 ug/ml polybrene. Virus-containing supernatant was removed, and cells were rested overnight, expanded on day 3 with addition of fresh media, and analyzed on day 4.

### Chromosome conformation capture assay (3C) {#S22}

3C assay was performed as described ([@R22]; [@R45]) with some modifications. 10^7^ cells were cross-linked with 2% formaldehyde for 10 min at room temperature, quenched with 0.125 M Glycine for 5 min, and lysed with ice-cold lysis buffer. Nuclei were resuspended in restriction enzyme buffer (CutSmart) containing 0.095% SDS and incubated for 10 min at 65°C. 1% Triton X-100 was added, mixed, and cross-linked DNA was digested overnight with 800 U EcoRI (NEB) containing 1 mM ATP at 37°C. Enzyme was inactivated by addition of 1.6% SDS for 20 min at 65C follow by the addition of 1% Triton X-100. DNA fragments were ligated with 4000 U T4 ligase (NEB) overnight at 16C. Crosslinked DNA were reversed by incubation with 400 ug proteinase K overnight at 65C. Additional proteinase K was added and incubated for 2 h at 65C follow by incubation with 300 ug RNase for 30 min at 37°C. Ligated DNA were purified by phenol-chloroform extraction and ethanol precipitation. Ligation products were quantified by RT-PCR. BAC clones were used to generate reference DNA to correct for differences in ligation and PCR efficiency. Equimolar amounts of two BAC clones spanning the mouse *Il21* locus (RP23--290D8 and RP23--128L14) and BAC spanning the mouse *Gapdh* locus (RP23--410F11) from CHORI were mixed, digested with EcoRI, phenol chloroform extracted and ethanol precipitated, and ligated at a DNA concentration of 300 ng/ul. Relative crosslinking frequencies between the analyzed pairs were calculated as described ([@R22]). Crosslinking frequencies were corrected for differences in ligation and PCR efficiency using reference DNA generated from BAC clones and were normalized to control interaction frequencies using primer pairs within *Gapdh* locus.

### Hi-C {#S23}

HiC assay was performed similarly as 3C assay with some modifications. Naive WT and Batf-deficient CD4 T cells isolated by FACS sorting for CD4^+^CD44^low^CD62L^high^ cell population were analyzed directly or after stimulation with anti-CD3, anti-CD28 and IL-6 for 96 h. 5×10^6^ cells were cross-linked with 1% formaldehyde for 10 min at room temperature, quenched with 0.125 M Glycine for 5 min, and lysed with ice-cold lysis buffer. Nuclei were resuspended in restriction enzyme buffer (CutSmart, NEB) containing 0.095% SDS and incubated for 10 min at 65°C. 1% Triton X-100 was added, mixed, and cross-linked DNA was digested overnight with 800 U HindIII (NEB) containing 1mM ATP at 37C. DNA ends were filled in and marked with biotin by incubating digested DNA with 1.5 ul of each1.5 ul 10 mM dATP, 10 mM dGTP, 10 mM dTTP; 37.5 ul 0.4 mM biotin-14-dCTP, and 50 U large (Klenow) fragment (NEB) for 45 min at 37°C. Enzyme was inactivated by addition of 1.6% SDS for 25 min at 65C while shaking at 225 rpm. DNA fragments were ligated with 4000 U T4 ligase (NEB) overnight at 16°C. Crosslinked DNA were reversed by incubation with 400 ug proteinase K overnight at 65C. Additional proteinase K was added and incubated for 2 h at 65°C follow by incubation with 300 ug RNase for 30 min at 37°C. Ligated DNA were purified by phenol-chloroform extraction and ethanol precipitation. DNA concentration was measured using Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific). Marked and ligated DNA was checked for efficiency by amplifying a Gapdh region and purifying PCR product using MinElute kit (QIAGEN). Purified DNA was digested with NheI (NEB) enzyme for 2 h at 37°C and run on 2% agarose gel for quality control. Successful marked and ligated DNA generated 3 bands at 300 bp, 130 bp, and 170 bp after restriction enzyme digestion.

Biotin from unligated ends was removed by incubating ligated DNA with 10 mM dATP, 10 mM dGTP and T4 DNA polymerase in NEB2.1 buffer at 12°C for 2 h. Reaction was stopped with 2 ul 0.5 M EDTA pH8. DNA was purified by phenol-chloroform extraction and ethanol precipitation. Ligated DNA was sheared to a size 100--500 bp using Bioruptor (Diagenode). Marked, ligated, and sonicated DNA was used for end-repair and dA-tailing reactions using NEBNext DNA Library Prep Master Mix Set for Illumina (NEB). Biotinylated DNA was captured using magnetic streptavidin beads (Invitrogen), used for adaptor ligation reaction, and PCR amplification using NEBNext DNA Library Prep Master Mix Set for Illumina and NEBNext Multiplex Oligos for Illumina (Index Primers Set, NEB). Hi-C libraries were sequenced with paired-end 50 bp using Illumina HiSeq 2500.

### Hi-C analysis {#S24}

Raw paired-end sequencing data were mapped to mm9 genome and processed using HiC-Pro pipeline ([@R58]). Significant intra- (resolution 10kb, p \< 0.005) and inter-chromosomal (resolution 100kb, p \< 0.005) interactions, principle component analysis, and feature enrichment analysis were performed using findHiCInteractionsByChr.pl, analyzeHiC, runHiCpca, and annota-teInteractions perl scripts, respectively, that are part of the Hypergeometric Optimization of Motif Enrichment (HOMER) suite of tools for Motif Discovery and next-generation sequencing analysis ([@R27]). Structured Interaction Matrix Analysis (SIMA), a feature of HOMER, was used to evaluate the compartmental interaction associated with chromatin accessibility. Intra-chromosomal interactions and other sequencing data were visualized using Circos ([@R36]). The normalized intra- and inter-chromosomal interacting counts were used to generate boxplots (indicate interquartile range with whiskers ± 1.5 times) using R. Batf target genes were determined from WT and Batf KO Th17 RNA-seq dataset (accession GSE: 40918) ([@R13]) and used for downstream analysis.

### Chromatin Immunoprecipitation (ChIP) and ChIP-seq {#S25}

Naive T cells were isolated from spleen and lymph nodes of WT or Batf KO mice either by magnetic sorting (Miltenyi Biotec 130--106643) or by flow cytometry (gated on CD4^+^CD44^low^CD62L^high^ population) prior to activation for ChIP-seq and ChIP assay, respectively. Cells (10--20×10^6^) were cross-linked for 10 min with 1% formaldehyde, quenched with 0.125 M Glycine for 5 min and washed with PBS. Cell pellets were resuspended in lysis buffer (5 mM Pipes, 85 mM KCl, 0.5% NP-40 with protease inhibitor), homogenized by running cells through an 18-gauge needle for 10 times, and pelleted by centrifuging at 2,000 rpm at 4C for 5 min. Nuclei were resuspended in RIPA buffer (1X PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and protease inhibitor) and sonicated to a size range of 200--500 bp using Bioruptor. Cells were pelleted, and RIPA buffer was added to supernatant to 1 ml. Antibodies (rabbit anti-Batf \[[@R56]\], rabbit anti-Ctcf. (Active Motif, 61311), rabbit anti-Med12 (Bethyl, A300--774A), rabbit anti-Ets1 (Santa Cruz, sc-350 X), rabbit anti-Irf4 (Santa Cruz, sc-28696 X), rabbit anti-H3K4me3 (Millipore, 07--473), rabbit anti-H3K27ac (Abcam, ab4729), rabbit anti-H3K27me3 (Millipore, 07--449) and normal rabbit IgG (Millipore, 12--370)) were coupled to Dynabeads M-280 Sheep anti-rabbit IgG (Thermo Fisher Scientific) at 4C with rotation overnight then washed with PBS/BSA solution. Antibody-bound beads was added to sonicated chromatin and incubated at 4C with rotation overnight. The immunocomplexes were washed with 5 times LiCl buffer (100 mM Trish pH 7.5, 500 mM LiCl, 1% NP-40, 1% sodium deoxycholate), once with TE buffer, resuspended in 200 ul elution buffer (1% SDS and 0.1 M NaHCO~3~), and incubated at 65C for 1 h. Supernatants were collected, incubated at 65C overnight, and immunoprecipitated DNA were purified using MinElute columns (QIAGEN). Reversed cross-links DNA were analyzed by RT-PCR. ChIP data were analyzed using percent input method 100 × 2 ^(Adjusted\ input\ -\ Ct\ (IP))^ and adjusted to IgG control background.

For ChIP-seq assay, immunoprecipitated DNA was used to prepare library using NEBNext Ultra II DNA library prep kit and NEB-Next Multiplex Oligos for Illumina (NEB). ChIP-seq libraries were sequenced with single-end 50 bp using Illumina HiSeq 2500.

### ChIP-seq analysis {#S26}

Raw sequencing data were mapped to mm9 genome using Bowtie1 ([@R37]) with options -m 1 k 1. ChIP-seq peaks were called using MACS2 ([@R67]) with p value cut off at 1×10^5^. The total input DNA was used as the control for peak-calling. Differential peak calling was performed using DESeq2 with fold change greater than 2 and fdr less than 0.05. Tag counts were normalized to 10 million tags and calculated using annotatePeaks function of HOMER ([@R27]). Unique and overlapping peaks were determined using mergePeaks function of HOMER. The log2 transformed normalized read data were used to generate boxplots (indicate interquartile range with whiskers ± 1.5 times) and violin plots (boxplot with its probability density) using R. Heat-maps were visualized using deepTools ([@R53]). Motif analysis was performed using findMotifsGenome function of HOMER. ChIP-seq peaks were annotated to the nearest gene in mm9 genome using annotatePeaks function of HOMER. Gene ontology analysis of associated peaks was performed using annotatePeaks function of HOMER with option -go. ChIP-seq tracks were normalized to 10 million tags and viewed using the Integrated Genome Brower (IGB) ([@R47]). Batf target genes from WT and Batf KO Th17 RNA-seq dataset (accession GSE: 40918) ([@R13]) were used for downstream analysis. H3K4me3, H3K27me3, and H3K27ac ChIP-seq for Th0 and Th17 cells were obtained from GSE: 102317, GSE: 57500, GSE: 14254, and GSE: 90788 ([@R12]; [@R40]; [@R62]; [@R68]). STAT3 ChIP-seq for Th0 and Th0+IL-6 was obtained from GSE: 65621 ([@R28]).

### Assay for transposase-accessible chromatin using sequencing (ATAC-seq) {#S27}

ATAC-seq was performed as described ([@R8]). Naive WT and Batf KO CD4^+^T cells isolated by FACS sorting (CD4^+^CD44^low^CD62L^high^) were stimulated with anti-CD3, anti-CD28 with or without IL-6 for 24 h or under Th17 conditions for 48 h. 5×10^4^ cells were harvested, washed with 1X PBS, and nuclei were isolated. Transposition reaction was carried using Nextera DNA Library Preparation Kit (Illumina, 15028212), and PCR amplification was performed to generate libraries. ATAC-seq libraries were sequenced with paired-end 50 bp using Illumina HiSeq 2500.

### ATAC-seq analysis {#S28}

Raw paired-end sequencing data were mapped to mm9 genome using Bowtie2 ([@R37]) with option -X 2000. Accessible regions were determined using MACS2 with option -g mm--nomodel--nolambda--broad. Differential peak calling was performed using DESeq2 with fold change greater than 2 and fdr less than 0.05. Tag counts were normalized to 10 million tags and calculated using annotatePeaks function of HOMER ([@R27]), and heatmaps were visualized using deepTools ([@R53]). Unique and overlapping peaks were determined using mergePeaks function of HOMER. The log2 transformed normalized read data were used to generate boxplots and violin plots using R. Motif analysis was performed using findMotifsGenome function of HOMER. ATAC-seq peaks were annotated to the nearest gene in mm9 genome using annotatePeaks function of HOMER. Gene ontology analysis of associated peaks was performed using annotatePeaks function of HOMER with option -go. Footprinting detection were performed using pyDNase algorithm with fdr value cut-off at 0.05 ([@R50], [@R51]). In short, the tagmentation activity of transposase Tn5, used in ATAC-seq, is high in accessible regions and low in inaccessible regions. Thus, protein-DNA binding sites, or footprints, are detected by exploring for a depletion of Tn5 cuts compared to cuts in the surrounding regions, presumably accessible regions. Since DNA fragments generated by Tn5 are likely predominantly from within accessible regions, and incorporate with footprints, upstream ends (aligned as positive sequence tag) and downstream ends (aligned as negative sequence tag) cut by Tn5 will have concentrated signals to the left and right, respectively, from the accessible regions. The footprint occupancy score is reduced as the DNA fragments are extended away from the accessible regions. Differential footprints between two ATAC-seq datasets were calculated using the Wellington-bootstrap algorithm with minimum p value to be considered significant for fdr calculation set at 20. ATAC-seq tracks were normalized to 10 million tags and viewed using IGB ([@R47]). Batf target genes from WT and Batf KO Th17 RNA-seq dataset (accession GSE: 40918) ([@R13]) were used for downstream analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS {#S29}
---------------------------------------

Information on experimental replicates, statistical details, and n numbers can be found in the figure legends. Data are mean ± SEM. Statistical analyses were calculated using Prism (GraphPad Software) or R. We determined significance using the Mann-Whitney test for unpaired data, two-tailed Student's t test for paired data, or a one-way ANOVA followed by Tukey's test for multiple comparisons where appropriate. p values \< 0.05 is considered as statistical significance.

DATA AND CODE AVAILABILITY {#S30}
--------------------------

ATAC-seq, ChIP-seq, and Hi-C data generated during this study have been deposited in the NCBI Gene Expression Omnibus with the accession GSE: 123209.
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![Batf Is Required for Chromatin Accessibility in CD4 ^+^ T Cells.\
(A) qRT-PCR analysis of Batf expression in naive WT CD4^+^CD62^hi^ T cells activated for the indicated time points with anti-CD3 and anti-CD28 in the presence or absence of IL-6 or under Th17 culture conditions. Results are relative to naive cell expression (day 0).\
(B) Naive WT CD4^+^CD44^low^CD62L^hi^ T cells were activated with anti-CD3 and anti-CD28, with or without IL-6, for 24 h and 96 h. Cells were harvested and stained intracellularly for Batf.\
(C and D) Differential genome-wide chromatin accessibility in WT versus Batf-deficient T cells. Nuclei isolated from naive, 24-h-activated CD4^+^ T cells ± IL-6, and 48-h Th17 cells from WT and Batf KO cells were subjected to ATAC-seq. Scatterplots of normalized tag density identify chromatin accessibility in WT compared with Batf KO cells (fold change \> 2; false discovery rate \[FDR\] \< 0.05) in naive, Th0, Th0+IL-6, and Th17 cells (C). Boxplots indicate normalized signal density ± 500 bp of peak centers (light orange), transcription start sites (TSSs; medium orange), and TSS of Batf target genes (dark orange) that compare WT and Batf KO cultured cells (D).\
(E) Factors with pioneering characteristics are enriched in Th0+IL-6 cells. ATAC-seq data from 24-h IL-6-stimulated CD4^+^ T cells interrogated with the Protein Interaction Quantitation algorithm (PIQ) identified enriched motifs. Greater pioneer index scores correlate with greater chromatin opening.\
(F--H) Venn diagram displaying overlapping regions of Batf ChIP-seq and ATAC-seq peaks (left). Violin plots show normalized tag density of Batf binding in naive, Th0 (24 h), Th0+IL-6 (24 h), and Th17 (48 h) cells centered ± 500 bp of unique and overlapping sites between Batf-occupied sites and accessible regions (F). ATAC-seq and Batf ChIP-seq tracks visualized with the Integrated Genome Browser (IGB) identify open chromatin (red) and Batf binding (black) in the *Itga3* and *Serpine1* genomic regions. Blue highlights indicate Batf binding in closed chromatin regions (G). Batf and meAP-1 motif-enrichment analysis of pooled Batf-bound closed chromatin from naive, 24-h activated CD4^+^ T cells ± IL-6 and 48-h Th17 cells (equivalent to cluster II in Figure 1F) (H).\
Data are means ± SEM of three to five independent experiments with one mouse per experiment (A and B), or representative of two independent experiments with similar results (C--H). RQ, relative quantification; N.S., not significant. \*\*p \< 0.001 (Mann-Whitney test).](nihms-1542673-f0001){#F1}

![Irf4 Is Dispensable for Batf-Regulated Chromatin Accessibility in CD4^+^ T Cells.\
(A) ATAC-seq analysis of 24-h activated WT andIrf4 conditional KO (cKO) Th0 and Th0+IL-6 cells. Scatterplots of normalized ATAC-seq tag density compare chromatin accessibility (fold change \> 2; FDR \< 0.05) between 24-h activated WT and Irf4 cKO Th0 and Th0+IL-6 cells.\
(B) Irf4 ChIP-seq peaks from WT cells along with Batf ChIP-seq peaks ([Figures 1F](#F1){ref-type="fig"} and [1G](#F1){ref-type="fig"}) integrated with chromatin accessibility ([Figure 1F](#F1){ref-type="fig"}) identify unique Batf and Irf4 sites along with sites of Batf and Irf4 co-binding that are associated with closed and open chromatin regions. Heatmap density shows normalized Batf and Irf4 ChIP-seq signals in WT Th0 and Th0+IL-6 cells centered ± 1,000 bp of the indicated clusters. Percentages of Batf and Irf4 sites associated with closed and open chromatin are indicated.\
(C) Heatmap density shows normalized ATAC-seq signals centered ± 500 bp of unique Batf and Irf4 sites along with co-bound Batf and Irf4 sites with percentages of sites compared between WT and Irf4-deficient cells in Th0 and Th0+IL-6 conditions.\
Data are representative of two independent experiments with similar results](nihms-1542673-f0002){#F2}

![Altered Chromatin Accessibility at Genomic Regions Containing Batf Target Genes\
(A) Comparative chromatin accessibility and Batf recruitment to the mouse *Il21* locus in WT and Batf KO naive, Th0, Th0+IL-6, and Th17 cells. ATAC-seq peaks ([Figures 1C](#F1){ref-type="fig"} and [1D](#F1){ref-type="fig"}) and ChIP-seq peaks ([Figures 1F](#F1){ref-type="fig"} and [1G](#F1){ref-type="fig"}) are shown aligned to a VISTA plot highlighting sequence conservation at key intergenic conserved non-coding sequence elements. Blue shading indicates diminished chromatin accessibility in Batf KO compared with WT cells.\
(B and C) ChIP-qPCR analysis of Batf and H3K27me3 binding to *Il21* genomic regions. Batf recruitment to the *Il21* locus in WT Th0 (gray) and Th0+IL-6 (red) shown in (B) and H3K27me3 binding in WT Th0 (gray), Th0+IL-6 (red), Batf KO Th0 (blue), and Th0+IL-6 (green) in (C). Data are normalized to total input samples and IgG control.\
(D) The mouse *Il21* promoter was linked to a firefly luciferase reporter construct and selected *Il21* conserved non-coding sequence elements were juxtaposed upstream of the promoter. Day-3 Th0 and Th0+IL-6 cells were transfected with an empty control vector (black box), the *Il21* promoter construct alone, or constructs containing the *Il21* promoter and the indicated conserved non-coding sequence and then rested overnight, restimulated with phorbol myristate acetate (PMA) and ionomycin for 5 h and assessed for luciferase expression.\
(E and F) Day-3 WT Th0+IL-6 cells were transfected as in (D) with WT or mutated Batf consensus motif-containing conserved non-coding sequence (black bars) (E); or in the presence or absence of a Batf-expressing vector (F). Data are normalized to the empty vector control.\
Data are means ± SEM of three to four independent experiments with one mouse per experiment (B--F) or representative of two independent experiments with similar results (A). RLUs, relative light units. \*p \< 0.05 (Student's t test or one-way ANOVA, followed by Tukey's test).](nihms-1542673-f0003){#F3}

![Batf-Mediated Chromatin Accessibility Is Required for Transcription Factor Recruitment in Activated CD4^+^ T Cells\
(A--C) ATAC-seq data from WT and Batf KO CD4^+^ T cells activated for 24 h ± IL-6 were subjected to Wellington footprinting analysis ([Figures 1C](#F1){ref-type="fig"} and [1D](#F1){ref-type="fig"}).Heatmaps show differential footprints compared between WT and Batf KO cells; red indicates positive strand cuts (+ve) over negative strand cuts (ve) per nucleotide positions, and blue indicates negative strand cuts. Binding sites are sorted from top to bottom in order of decreased footprint occupancy score (A). Footprints from WT and Batf KO Th0+IL-6 cells (A) were subjected to motif-enrichment analysis and are represented by scatterplots (B). Histograms show specific transcription factor motif enrichment from footprinting analysis (A), with red indicating positive strand cuts and blue indicating negative strand cuts in WT and Batf KO Th0+IL-6 cells (C).\
(D) Scatterplots show normalized Ctcf ChIP-seq tag density with numbers of differential peaks (fold change \> 2; FDR \< 0.05) from WT and Batf KO Th0 andTh0+IL-6 cells.\
(E) Venn diagram displays shared binding of Batf and Ctcf to accessible chromatin regions identified by Batf and Ctcf ChIP-seq from WT Th0+IL-6 cells peaks andmerged ATAC-seq peaks from WT Th0 and Th0+IL-6 and Batf KO Th0 and Th0 +IL-6 cells using the HOMER function mergePeaks with parameter −d given.\
(F and G) Heatmap density (F) and boxplots (G) show normalized ATAC-seq signals centered ± 500 bp of the indicated clusters (E).\
(H and I) Violin plots of Ctcf occupancy ± 500 bp of overlapped Batf-Ctcf sites or unique Ctcf sites in 96-h WT and Batf KO Th0 and Th0+IL-6 (H). Enriched Batf, Ctcf, AICE1, and AICE2 motifs at genomic sites co-bound by Batf and Ctcf (I).\
Data are representative of two independent experiments with similar results. \*\*p \< 0.001 (Mann-Whitney test)](nihms-1542673-f0004){#F4}

![Ets1 and Batf Are Required for Modulating Ctcf Occupancy in the Genome of Activated CD4^+^ T Cells.\
(A) Motif enrichment analysis of Batf-dependent Ctcf peaks exclusive of Batf binding represented by scatterplot with cyan dots indicating top 10 motifs with lowest p value. Analyzed peaks were collected by integrating Ctcf ChIP-seq data from 96-h WT Th0 and Th0+IL-6 versus Batf KO Th0 and Th0+IL-6 with Batf ChIP-seq peaks ([Figure 1F](#F1){ref-type="fig"}).\
(B--E) Ets1 ChIP-seq peaks from 96-h WT and Batf KO Th0 and Th0+IL-6 subjected to motif-enrichment analysis identified Batf and Ctcf motifs represented by scatterplot with red dots indicating top motifs with the lowest p value (B). Ctcf, Batf, and Ets1 coincident and independent binding derived from Batf ChIP-seq ([Figure 1F](#F1){ref-type="fig"}), Ctcf ChIP-seq ([Figure 4D](#F4){ref-type="fig"}) and Ets1 ChIP-seq data from 96-h WT and Batf KO Th0 and Th0+IL-6 (as in B) (C). Scatterplots show normalized Ets1 ChIPseq tag density with numbers of differential peaks (fold change \> 2; FDR \< 0.05) compared between WT and Batf KO cells (D). Batf and Ets1 ChIP-seq peaks from WT and Batf KO cells integrated with enriched Ctcf peaks in WT compared with Batf KO (DCtcf WT versus Batf KO) in Th0+IL-6 cells identify Ctcf sites that are cobound with Ets1 and Batf or with Ets1 or Batf alone. Heatmap density shows normalized Batf, Ctcf, and Ets1 ChIP-seq signals compared between WT and Batf KO in Th0+IL-6 cells centered ± 1 kb of the indicated clusters. Percentages of ΔCtcf (WT versus Batf KO) sites associated with Batf and Ets1 sites are shown (E).\
(F) *Ets1* expression in WT and Batf KO Th0 and Th0+IL-6 cells 96-h after stimulation assessed by RT-PCR. Values were normalized to expression in WT+IL-6 cells to calculate relative quantification.\
(G) Comparison of Batf- and Ets1-dependent Ctcf recruitment derived from Ctcf ChIP-seq peaks from Ets1cKO Th0 and Th0+IL-6 cells compared with WT and Batf KO ChIP-seq regions. Heatmap density shows normalized Ctcf ChIP-seq signals center ± 1 kb of clusters corresponding to Ctcf binding along with co-bound Ets1, Batf, or both. Percentages of Ctcf sites associated with Batf and Ets1 sites are shown.\
(H) Naive WT and Ets1 cKO CD4^+^CD62^hi^ T cells were activated with anti-CD3 and anti-CD28 ± IL-6 for 96 h; total RNA was extracted, and gene expression was assessed by RT-PCR. WT cells were used as controls to calculate relative quantification.\
(I) Ctcf, Med 12, and Ets1 ChIP-seq data from WT, Batf KO, and Ets1 cKO Th0 and Th0+IL-6 and STAT3 ChIP-seq data from WT Th0 and Th0+IL-6 aligned to the extended *Il21* locus. Blue shading highlights reduced binding in Batf KO and Ets cKO cells compared with WT cells. Data for STAT3 ChIP\--seq are from GSE:65621.\
Data are means ± SEM of three to five independent experiments with one individual mouse per experiment (F and H), or representative of two independent with similar results (A--E, G, and I). RQ, relative quantification. \*p \< 0.05 (one-way ANOVA followed by Tukey's test).](nihms-1542673-f0005){#F5}

![Batf Is Required for Chromatin Looping at the *Il21* Locus in Activated CD4^+^ T Cells.\
(A--C) Chromosome conformation capture (3C) assay performed on 24-h and 96-h WT Th0 and Th0+IL-6 cells (A--C) and 96-h Batf KO cell (B and C) shows relative crosslinking frequencies between selected anchor fragments for the *Il21* locus (promoter, +28 and −41; A and B) and *Il17a/f* locus (*Il17a* conserved non-coding sequence +11; C) and EcoRI fragments containing the indicated regions. Crosslinking frequencies were corrected for differences in ligation and PCR efficiency using reference DNA and normalized to control interaction frequencies with primer pairs within *Gapdh* locus.\
(D--F) Naive WT and Batf KO cells were activated under Th0+IL-6 conditions. On day 2, cells were transduced with control retrovirus vector (Thy1.1) or retroviral vector expressing Ets1-Thy1.1. Thy1.1-positive cells sorted on day 4 were used to assess gene expression by RT-PCR (D), Ctcf binding by ChIP-qPCR (E), and chromatin looping between *Il21* promoter and indicated regions by 3C assay (F).\
Data are means ± SEM of three to five independent experiments with one individual mouse per experiment. \*p \< 0.05 (Student's t test or one-way ANOVA followed by Tukey's test).](nihms-1542673-f0006){#F6}

![Batf Is Required for Global Chromatin Interaction in Activated CD4^+^ T Cells.\
(A) Circos plots of open chromatin, transcription factor occupancy, and intra-chromosomal interactions in the extended *Il21* locus in WT (left) and Batf KO (right) Th0+IL-6 cells; 24-h WT and Batf KO Th0+IL-6 ATAC-seq data are displayed in the largest inner rings (black), and Batf (blue), Ctcf (green), and Ets1 (red) occupancy from 96-h WT and Batf KO Th0+IL-6 ChIP-seq data are shown in sequentially smaller inner rings. Significant (p \< 0.005, resolution 10 kb) intra-chromosomal interactions identified by Hi-C analysis of 96-h WT and Batf KO Th0+IL-6 are shown by gray connecting lines. Black lines (left) indicate interactions that are lost in Batf KO cells. Red arrows indicate reduced Batf, Ets1, and Ctcf binding in Batf KO cells compared with WT cells.\
(B) Boxplots show the normalized intra- (top, 10 kb resolution) or inter- (bottom, 100 kb resolution) acting frequencies of chromosomal connections across the entire genome or regions containing Batf target genes in 96-h WT and Batf KO Th0 and Th0+IL-6 cells.\
(C) Principal-component 1 (PC1) from Hi-C data identified permissive chromatin across chromosome 3 (chr3; red track) aligned with ATAC-seq data (A). Matrix illustrates Pearson's correlation coefficient of intra-chromosomal interactions in chromosome 3 normalized to observed interaction frequency to expected interaction frequency at 100 kb resolution. Blue, lower than expected (inactive); red, higher than expected (active).\
(D) Principal-component analysis of Hi-C data shows inter experimental correlation (different correlation values) calculated by comparing the two interaction profiles at each locus with PC1 values, defined at 50-kb intervals of chr3 for WT and Batf KO Th0+IL-6 cells. The different correlation value is high (close to 1) if the locus is likely to interact with similar regions in both samples and is low if the locus interacts with different regions.\
(E) Enrichment of interactions at accessible chromatin (50 kb resolution) in WT (top) and Batf KO (bottom) Th0+IL-6 cells using Structured Interaction Matrix Analysis (SIMA). Colors (red/blue) indicate association calculated as the log ratio of observed frequency to expected frequency (obs/exp).\
Data are representative of two independent experiments with similar results. \*p \< 0.05 (Mann-Whitney test).](nihms-1542673-f0007){#F7}

###### 

KEY RESOURCES TABLE

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  REAGENT or RESOURCE                                                                                         SOURCE                    IDENTIFIER
  ----------------------------------------------------------------------------------------------------------- ------------------------- -------------------------------------------------------------------
  Antibodies                                                                                                                            

                                                                                                                                        

  Anti-Mouse CD4-APC/Cyanine7 (clone GK1.5)                                                                   Biolegend                 Cat\# 100414; RRID:AB_312699

  Anti-Mouse CD25-APC (clone 3C7)                                                                             Biolegend                 Cat\#101910; RRID:AB_2280288

  Anti-Mouse CD62L-PE/Cy7 (clone MEL-14)                                                                      Biolegend                 Cat\# 104417; RRID:AB_313102

  Anti-Mouse CD44-FITC (clone IM7)                                                                            Biolegend                 Cat\#103006; RRID:AB_312957

  Biotin Anti-Mouse CXCR5 (clone 2G8)                                                                         BD Biosciences            Cat\#551960; RRID:AB_394301

  Anti-Mouse PD-1-PE ((clone 29F.1A12)                                                                        Biolegend                 Cat\#135205; RRID:AB_1877232

  Anti-Mouse CD69-PerCP/Cy5.5 (clone H1.2F3)                                                                  Biolegend                 Cat\#104522; RRID:AB_2260065

  Anti-Mouse ICOS-FITC (clone 7E.17G9)                                                                        eBioscience               Cat\#11--9942-82; RRID:AB_11218290

  Streptavidin eFluor450                                                                                      eBioscience               Cat\# 48--4317-82; RRID:AB_10359737

  Anti-Mouse Batf-PE (clone 9B5A13)                                                                           Biolegend                 Cat\#654804; RRID:AB_2563517

  Anti-Mouse CD3 (clone 145--2C11)                                                                            BD Biosciences            Cat\#557306; RRID:AB_396632

  Anti-Mouse CD28 (clone 37.51)                                                                               BD Biosciences            Cat\#553295; RRID:AB_394764

  Anti-Mouse IFN-g (clone XMG1.2)                                                                             This paper                N/A, generated in house

  Anti-Mouse IL-4 (clone 11B11)                                                                               This paper                N/A, generated in house

  Rabbit Anti-Mouse Irf4                                                                                      Santa Cruz                Cat\#sc-28696X; RRID:AB_2127141

  Rabbit Anti-Mouse Ets1                                                                                      Santa Cruz                Cat\#sc-350X; RRID:AB_2100688

  Normal rabbit IgG                                                                                           Millipore                 Cat\#12--370; RRID:AB_145841

  Rabbit Anti-Mouse H3K27me3                                                                                  Millipore                 Cat\#07--449; RRID:AB_310624

  Rabbit Anti-Mouse H3K4me3                                                                                   Millipore                 Cat\#07--473; RRID:AB_1977252

  Rabbit Anti-Mouse H3K27ac                                                                                   Abcam                     Cat\#ab4729; RRID:AB_2118291

  Rabbit Anti-Mouse Batf                                                                                      [@R56]                    N/A, generated in house

  Rabbit Anti-Mouse Med12                                                                                     Bethyl Laboratory         Cat\#A300--774A; RRID:AB_669756

  Rabbit Anti-Mouse Ctcf.                                                                                     Active Motif              Cat\#61311; RRID:AB_2614975

                                                                                                                                        

  Chemicals, Peptides, and Recombinant Proteins                                                                                         

                                                                                                                                        

  Recombinant Human IL-2 Protein                                                                              R&D Systems               Cat\# 2G2-IL-G1G

  Recombinant Mouse IL-6 Protein                                                                              R&D Systems               Cat\#4G6-ML-G2S

  Recombinant Human TGF-β Protein                                                                             R&D Systems               Cat\#24G-B

  Recombinant Mouse IL-1β Protein                                                                             R&D Systems               Cat\#4G1-ML-G2S

  Phorbol 12-myristate 13-acetate                                                                             Sigma-Aldrich             Cat\#P18S-1MG

  lonomycin                                                                                                   EMD Bioscience            Cat\#4D7--9S2

  Dynabeads M-280 Sheep Anti-Rabbit IgG                                                                       ThermoFisher Scientific   Cat\#112G3D

  Dynabeads® MyOne Streptavidin C1                                                                            ThermoFisher Scientific   Cat\#6SGG1

  EcoRI-HF                                                                                                    NEB                       Cat\#R31G1M

  HindIII-HF                                                                                                  NEB                       Cat\#R31G4M

  NheI-HF                                                                                                     NEB                       Cat\#R3131L

  T4 DNA Ligase                                                                                               NEB                       Cat\#G2G2M

  DNA Polymerase I, Large (Klenow) Fragment                                                                   NEB                       Cat\#G21GM

  Deoxynucleotide (dNTP) Solution Set                                                                         NEB                       Cat\# NG446S

  Biotin-14-dCTP                                                                                              ThermoFisher Scientific   Cat\# 19S18G18

  SsoAdvanced Universal SYBR Green Supermix                                                                   Bio-Rad                   Cat\#172S27S

  SsoAdvanced Universal Probes Supermix                                                                       Bio-Rad                   Cat\#1725285

  iScript cDNA Synthesis Kit                                                                                  Biorad                    Cat\# 17G8891

  Streptavidin                                                                                                BDBiosciences             Cat\#SS7S98

  FBS                                                                                                         HyClone                   Cat\#SH30109.03

  RPMI-1640                                                                                                   Corning                   Cat\#10--040-CM

  Penicillin/Streptomycin                                                                                     Corning                   Cat\#30--002-Cl

  2-Mercaptoethanol                                                                                           Sigma                     Cat\# M3148

  Non-Essential Amino Acids (MEM)                                                                             Corning                   Cat\#25025-Cl

  L-Glutamine                                                                                                 Corning                   Cat\#25--005-Cl

  HEPES                                                                                                       Corning                   Cat\#25--060-Cl

  Sodium Pyruvate                                                                                             Corning                   Cat\#25--000-Cl

  Trizol                                                                                                      ThermoFisher              Cat\# 15596018

  RNaseA                                                                                                      ThermoFisher              Cat\# EN0531

                                                                                                                                        

  Critical Commercial Assays                                                                                                            

                                                                                                                                        

  CD4^+^CD62L^+^ T Cell Isolation Kit, mouse                                                                  Miltenyi Biotec           Cat\#130--106-643

  QuikChange XL Site-Directed Mutagenesis Kit                                                                 Agilent Technologies      Cat\# 200517

  Nucleofector Kits for Mouse T Cells                                                                         Lonza                     Cat\#VPA-1006

  Dual-Luciferase Reporter Assay System                                                                       Promega                   Cat\#E1910

  NEBNext DNA Library Prep Master Mix Set for Illumina                                                        NEB                       Cat\# E6040S

  NEBNext Ultra II DNA Library Prep Kit for Illumina                                                          NEB                       Cat\#E7645S

  Nextera DNA Library Prep Kit (24 samples)                                                                   llumina                   Cat\# FC-121--1030

  Qubit dsDNA HS Assay Kit                                                                                    ThermoFisher Scientific   Cat\# Q32851

  MinElute PCR Purification Kit                                                                               QIAGEN                    Cat\#28004

  LS Columns                                                                                                  Miltenyi Biotec           Cat\# 130--042-401

  MS Columns                                                                                                  Miltenyi Biotec           Cat\# 130--042-201

  LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit                                                               ThermoFisher Scientific   Cat\# L34976

                                                                                                                                        

  Deposited Data                                                                                                                        

                                                                                                                                        

  ATAC-seq                                                                                                    GEO database              GSE: 123209

  ChIP-seq                                                                                                    GEO database              GSE: 123209

  Hi-C seq                                                                                                    GEO database              GSE: 123209

                                                                                                                                        

  Experimental Models: Primary cells                                                                                                    

                                                                                                                                        

  Mouse: primary T lymphocytes                                                                                This paper                N/A

                                                                                                                                        

  Experimental Models: Organisms/Strains                                                                                                

                                                                                                                                        

  Mouse: C57BL/6J                                                                                             The Jackson Laboratory    Stock No: 000664

  Mouse: Batf KO                                                                                              The Jackson Laboratory    Stock No: 013758

  Mouse: *Irf4*^fl/fl^                                                                                        The Jackson Laboratory    Stock No: 009380

  Mouse: *Ets1*^fl/fl^                                                                                        [@R71]                    N/A

  Mouse: CD4-Cre                                                                                              The Jackson Laboratory    Stock No: 022071

                                                                                                                                        

  Recombinant DNA                                                                                                                       

                                                                                                                                        

  Mouse BAC DNA *Il21*                                                                                        3ACPAC Resources Center   Cat\#RP23--290D8

  Mouse BAC DNA *Il21*                                                                                        3ACPAC Resources Center   Cat\#RP23--128L14

  Mouse BAC DNA Gapdh                                                                                         3ACPAC Resources Center   Cat\#RP23--410F11

  MSCV-IRES-Thy1.1                                                                                            [@R31]                    N/A

  MSCV-IRES-Thy1.1 Batf                                                                                       [@R31]                    N/A

  pCMV6-Ets1                                                                                                  Origene                   Cat\#MR207015

  MSCV-IRES-Thy1.1 Ets1                                                                                       This paper                N/A, generated in house

  pRL-TK                                                                                                      Promega                   Cat\#E2231

  pGL3-*Il2*p                                                                                                 This paper                N/A, generated in house

  pGL3-*Il2*p -35                                                                                             This paper                N/A, generated in house

  pGL3-*Il2*p -47                                                                                             This paper                N/A, generated in house

  pGL3-*Il2*p -64                                                                                             This paper                N/A, generated in house

  pGL3-*Il2*p -77                                                                                             This paper                N/A, generated in house

  pGL3-*Il2*p -84                                                                                             This paper                N/A, generated in house

  pGL3-*Il21*p                                                                                                This paper                N/A, generated in house

  pGL3-*Il21*p -77                                                                                            This paper                N/A, generated in house

  pGL3-*Il21*p -84                                                                                            This paper                N/A, generated in house

  pGL3-*Il21*p -27                                                                                            This paper                N/A, generated in house

  pGL3-*Il21*p -41                                                                                            This paper                N/A, generated in house

  pGL3-*Il21*p -49                                                                                            This paper                N/A, generated in house

  pGL3-*Il21*p -60                                                                                            This paper                N/A, generated in house

  pGL3-*Il21*p -70                                                                                            This paper                N/A, generated in house

  pGL3-*Il21*p -80                                                                                            This paper                N/A, generated in house

  pGL3-*Il2*p -Δ47                                                                                            This paper                N/A, generated in house

  pGL3-*Il21*p -Δ49                                                                                           This paper                N/A, generated in house

  pGL3-*Il21*p -Δ60                                                                                           This paper                N/A, generated in house

  pGL3-*Il21*p -Δ80                                                                                           This paper                N/A, generated in house

                                                                                                                                        

  Sequence-Based Reagents                                                                                                               

                                                                                                                                        

  Primers for cloning luciferase reporter vectors, see [Table S4](#SD5){ref-type="supplementary-material"}    This paper                N/A

  Primers for mutating luciferase reporter vectors, see [Table S4](#SD5){ref-type="supplementary-material"}   This paper                N/A

  Primers for ChIP qPCR, see [Table S4](#SD5){ref-type="supplementary-material"}                              This paper                N/A

  Primers for 3C, see [Table S4](#SD5){ref-type="supplementary-material"}                                     This paper                N/A

  Primer for gene expression RT-PCR, see [Table S4](#SD5){ref-type="supplementary-material"}                  This paper                N/A

  Primers for ATAC-seq                                                                                        [@R8]                     N/A

  NEBNext Multiplex Oligos for Illumina (Index Primers Set 1)                                                 NEB                       Cat\# E7335S

  NEBNext Multiplex Oligos for Illumina (Index Primers Set 2)                                                 NEB                       Cat\#E7500S

                                                                                                                                        

  Software and Algorithms                                                                                                               

                                                                                                                                        

  Bowtie2 (v2.2.5)                                                                                            [@R37]                    <http://bowtie-bio.sourceforge.net/bowtie2/index.shtml>

  Bowtiel (1.2.0)                                                                                             [@R37]                    <https://sourceforge.net/projects/bowtie-bio/files/bowtie/1.2.0/>

  MACS2 (v2.1.0)                                                                                              [@R67]                    <https://github.com/taoliu/MACS/>

  HOMER (v4.8)                                                                                                [@R27]                    <http://homer.ucsd.edu/homer/>

  HiC-Pro (2.7.0)                                                                                             [@R58]                    <https://github.com/nservant/HiC-Pro>

  IGB (9.0.0)                                                                                                 [@R47]                    <https://wiki.transvar.org/display/igbman/Home>

  deepTools (v2.0)                                                                                            [@R53]                    <https://deeptools.readthedocs.io/en/latest/>

  GraphPad Prism (v7.0)                                                                                       N/A                       <https://www.graphpad.com/>

  pyDNase (v0.2.3)                                                                                            [@R50]\                   <https://pythonhosted.org/pyDNase/index.html>
                                                                                                              [@R50]                    

  Circos                                                                                                      [@R36]                    <http://circos.ca/>

  TrimGalore (v0.4.1)                                                                                         N/A                       <https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/>

  Picard (v2.6.0)                                                                                             N/A                       <http://broadinstitute.github.io/picard/>

  R(v3.2.1)                                                                                                   N/A                       <https://www.r-project.org/>

  FlowJo (v10)                                                                                                FlowJo, LLC               [https://www.flowio.com/](https://www.flowjo.com/)
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

###### Highlights

-   Batf binds nucleosomal DNA and mediates clearing in developing effector T cells

-   Batf modulates Ctcf recruitment to open chromatin to control looping in CD4 T cells

-   Batf and Ets1 cooperate to increase Ctcf expression and recruitment to DNA

-   Batf and Ets1 enhance Ctcf DNA binding in a largely Irf4-independent manner
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